Plant-mediated CH 4 flux is an important pathway for land-atmosphere CH 4 emissions, but the magnitude, timing, and environmental controls, spanning scales of space and time, remain poorly understood in arctic tundra wetlands, particularly under the long-term effects of climate change. CH 4 fluxes were measured in situ during peak growing season for the dominant aquatic emergent plants in the Alaskan arctic coastal plain, Carex aquatilis and Arctophila fulva, to assess the magnitude and species-specific controls on CH 4 flux. Plant biomass was a strong predictor of A. fulva CH 4 flux while water depth and thaw depth were copredictors for C. aquatilis CH 4 flux. We used plant and environmental data from 1971 to 1972 from the historic International Biological Program (IBP) research site near Barrow, Alaska, which we resampled in 2010-2013, to quantify changes in plant biomass and thaw depth, and used these to estimate species-specific decadal-scale changes in CH 4 fluxes. A~60% increase in CH 4 flux was estimated from the observed plant biomass and thaw depth increases in tundra ponds over the past 40 years. Despite covering only~5% of the landscape, we estimate that aquatic C. aquatilis and A. fulva account for two-thirds of the total regional CH 4 flux of the Barrow Peninsula. The regionally observed increases in plant biomass and active layer thickening over the past 40 years not only have major implications for energy and water balance, but also have significantly altered landatmosphere CH 4 emissions for this region, potentially acting as a positive feedback to climate warming.
Introduction
Vast expanses of freshwater ecosystems, including vegetated ponds and wetlands underlain by permafrost, are found at high northern latitudes (Wang et al., 2012; Watts et al., 2014; . It has been estimated that 10-150 Tg CH 4 yr À1 (McGuire et al., 2012; Gao et al., 2013; Wik et al., 2016) of biogenic methane (CH 4 ) is released to the atmosphere from arctic wetlands annually, which may account for a significant portion of global emissions of 500-600 Tg CH 4 yr À1 (Dlugokencky et al., 2011) . Controls on land-atmosphere CH 4 exchange have been extensively studied in recent years, as CH 4 may be influenced by a variety of factors, including soil temperature (Wille et al., 2008; Mastepanov et al., 2013) , water table depth (Kutzbach et al., 2004; van Huissteden et al., 2005) , thaw depth (van Huissteden et al., 2005; von Fischer et al., 2010; Sturtevant & Oechel, 2013) , pond area (Holgerson & Raymond, 2016) , vegetation type (Lara et al., , 2015 Str€ om et al., 2012) , and herbivory (Lara et al., 2016) . Although significant progress has been made regarding the mechanistic understanding of CH 4 production, transport, oxidation, and land-atmosphere flux in tundra ecosystems, there remains an urgent need to resolve uncertainties related to changing methane dynamics across spatial and temporal scales to better represent the role of the arctic system in climatic feedbacks at regional and global scales. In northern Alaska, recent studies have shown that aquatic graminoid plant communities, largely dominated by Carex aquatilis and Arctophila fulva, have expanded in arctic tundra ponds over the past half-century and have much higher rates of CH 4 flux (von Fischer et al., 2010; Lara et al., 2012) relative to drier plant communities. However, relatively few studies have explored how land-atmosphere carbon exchange has changed over decadal timescales (Johansson et al., 2006; Lara et al., 2012) due in part to a lack of long-term datasets in the Arctic. There remains large uncertainty on the structural and functional responses of individually Correspondence: Christian G. Andresen, tel. +1 505 665 7661, fax +1 505 665 3866, important CH 4 conducting graminoid species to recent warming and permafrost thaw.
The International Biological Program (IBP), which was active during the late 1960s and early 1970s at sites near Barrow, Alaska (Brown et al., 1980; Hobbie, 1980) , is one of only a few detailed historical datasets on aquatic production in the Arctic (Lougheed et al., 2011) . Historic data include records of plant biomass, thaw depth and water depth, as well as soil and water temperature, all of which may be important drivers of plantmediated CH 4 flux. In this study, we couple this invaluable historic dataset with modern analytical and remote sensing technologies to: (i) identify the main drivers of plant-mediated CH 4 flux for aquatic C. aquatilis and A. fulva; (ii) assess the magnitude of decadal-scale changes in the drivers of CH 4 flux, including plant biomass and thaw depth; and (iii) model potential CH 4 flux change between 1970s and 2010s at the plot and landscape level.
Materials and methods

Site description
This study was conducted on the Arctic Coastal Plain near Barrow, Alaska, USA (71.28N, 156.68W). The region is underlain by continuous permafrost where the active layer depth ranges from 20 to 80 cm (Streletskiy et al., 2008) . The landscape is characterized by drained thawlake basins (DTLB) containing numerous tundra ponds formed by thaw-lake cycle processes (Billings & Peterson, 1980; . The IBP site, in particular, is situated in a relatively old DTLB where the estimated drainage happened between 300 and 2000 years ago .
Soils are generally acidic and organic rich, but can be heterogeneous across small spatial scales, varying in acidity, organic horizon depth, mineral texture, geomorphology, and degree of cryoturbation (Brown et al., 1980; Lara et al., 2015) . The snow-free season typically spans early June through midto late September. Summers are short and cool with an average temperature of 3.6°C between June and August (climate normal 1981-2010; www.akclimate.org). Long-term analyses indicate that air temperatures have increased steadily over the past century , with pond water temperatures warming by 2°C since the early 1970s (Lougheed et al., 2011) . Two emergent graminoids, C. aquatilis and A. fulva, commonly dominate aquatic habitats in the region . Other less common plant species, which typically represent <5% cover in tundra ponds, include Ranunculus pallasii, Dupontia fisherii, and Eriophorum angunstifolium, Eriophorum russeolum, Eriophorum scheuchzeri (Webber, 1978; Villarreal et al., 2012) . Our target taxa in this study, C. aquatilis and A. fulva, are graminoids that usually form pure stands from clonal colonies in ponds (Johnson & Tieszen, 1973) . Arctophila fulva is generally more common in deeper water than C. aquatilis (Hobbie, 1980; .
Resampling of historic biomass, thaw depth, and water depth
In an effort to understand the seasonal productivity trends of aquatic plants in 1971 and 1972 , aboveground biomass of C. aquatilis and A. fulva was harvested every 10 days from three ponds at the IBP research sites (Fig. 1) (McRoy & Leue, 1973; Hobbie, 1980) . IBP Pond J was harvested for both C. aquatilis and A. fulva biomass. IBP Pond C was sampled for C. aquatilis only, and IBP Pond 10 (a.k.a IBP Pond L) was sampled for A. fulva only. Aboveground biomass samples consisted of paired 50 9 20 cm rectangular quadrats along a transect covering shallow (0-3 cm), mid-depth (3-8 cm), and deep water (8-13 cm). Live-vs.-dead biomass material was separated and oven-dried for 24 h at 60°C. Historical biomass data were published as averages for each sampling date, with no standard deviation (McRoy & Leue, 1973) . In addition, thaw depth and water depth were measured along cross-polygon transects at IBP Ponds C and E during late August in 1971 and 1972 by Miller et al. (1980) .
In 2010-2013, historical ponds (IBP Pond C, Pond J, Pond 10) were resampled. We nondestructively monitored seasonal patterns of aboveground biomass for C. aquatilis and A. fulva, by developing species-specific allometric relationships between plant properties and plant biomass. In 2010, 10-15 individual ramets were harvested from multiple ponds every 10 days during the growing season. Multiple morphometric characteristics of plants (e.g., internode length, leaf length, plant height, leaf number per ramet, and sum of leaf length per ramet) were measured to identify characteristics that best explained total aboveground biomass (expressed as dry weight). All harvested tissues were oven-dried (60°C) and weighed. Stepwise regression models were created relating weight to morphometrics, and the best fits were selected to predict biomass. Only variables that best explained total aboveground biomass (plant height and sum of leaf length for ramets of A. fulva and C. aquatilis, respectively) were measured in the years following 2010. However, throughout the study period, additional plants from various IBP ponds were regularly collected, measured, dried, and compared to modeled data output, in order to test and ensure the integrity of the model and reliability of modeled data. Further, to assess accuracy of the allometric plot estimates, each year we harvested 5-10 biomass plots (50 9 20 cm) during peak growing season (first week of August hereafter), to compare allometrically derived biomass estimates with actual measurements.
In 2010-2012, the IBP Ponds J, C, and 10 (historic sites hereafter) were visited every 10 days during the growing season (June 10th-August 20th). During each site visit, allometric measurements were made on A. fulva and C. aquatilis ramets in paired 50 9 20 cm rectangular quadrats along a transect covering shallow to deeper water (similar to historic sampling protocol). Water and thaw depths were measured at each plot in addition to cross-polygon transects (also similar to historic method). The historic IBP study ponds area is now 250-380 m from a nearby road and housing settlement built since the initial study in the 1970s (Fig. 1) , and we were initially unsure if such proximity to anthropogenic disturbance would impact findings from our study. Accordingly, we established an additional eight other reference or 'Synoptic' sites (Synoptic hereafter) (Fig. 1 ) that included additional ponds in the IBP study area and elsewhere in the Barrow area. Synoptic sites were sampled at peak growing season (years 2010-2013) to understand the spatial variability of macrophyte biomass across the region and to verify trends in biomass at a larger spatial scale. The IBP historic sites were also sampled once during peak growing season in 2013.
Methane fluxes
Land-atmosphere CH 4 fluxes were measured in situ from 42 plots of 0.25-m 2 each using the closed-chamber technique (e.g., Lara et al., 2012) . All fluxes were measured at midday (i.e., between 11:00 and 14:00 hours) using a photo-acoustic multigas analyzer (INNOVA 1312 AirTech Instruments A/S, Ballerup, Denmark), with an opaque chamber during the 2008-2010 peak growing seasons. Flux sites were selected to represent a range of vegetation and soil characteristics within the aquatic habitats of the Barrow area, including gradients in vegetation density, thaw depth, and water table depth. Generally, all sites were distributed within 2 km of the historic IBP ponds, and clustered in groups of three plots.
To determine vegetation biomass within the chamber plots, vegetation was harvested only from plots outside IBP historic sites to minimize long-term disturbance. For estimation of unharvested biomass in IBP plots, we used a relationship that we established between leaf area index (LAI) and biomass. To derive LAI, nadir-view plot photographs were acquired from all plots. LAI was estimated from these digital images using IMAGEJ software (v1.43u) and an image brightness-controlled threshold classification that distinguished between leaves and nonleaves and calculated the area of each. Then, based on plots that were both harvested and photographed, linear regression models were developed to associate LAI with A. fulva and C. aquatilis aboveground biomass (n = 14 and n = 20 plots, respectively). We assumed overlapping leaves to have a minor impact on overall LAI estimates from photographs given the relatively low leaf overlapping seen in plots.
Stepwise regression models were used to identify the simplest species-specific (i.e., A. fulva or C. aquatilis) regression models relating CH 4 flux to important known environmental controls of fluxes measured for all plots during peak growing season. Input variables included vegetation biomass, water depth, thaw depth, and soil temperature (1 cm depth), that is, data that were collected in 1970s and in our resampling efforts. Prior to statistical analysis, data were checked for normality and natural log transformed, where applicable. Regression analyses were performed in JMP PRO v11. 
Change analysis
Long-term climate data recorded by the National Weather Service (1949 Service ( -2013 were acquired from The Alaska Climate Research Center (http://climate.gi.alaska.edu/). Thaw days (TD, count of days before 1st September with mean temperature above 0°C) were calculated for sampled years. To determine whether total aboveground biomass had changed over time, we compared weekly averaged dry weight between 1971-1972 and 2010-2013 using a paired t-test following an assessment of normality (Shapiro-Wilk test). Changes in thaw depth and water depth in the historic IBP Ponds C and E between the 1970s and 2010s sampling periods were derived from peak growing season cross-polygon transects and compared using a paired t-test. Relationships between peak season plant biomass and environmental variables, such as average summer temperatures (July-August) and TD, were assessed using correlations.
Peak growing season CH 4 flux during the 1971-1972 and 2010-2013 sampling periods at the historic IBP pond sites was determined using the multiple regressions (defined above) that predicted CH 4 flux from historic and modern input data. Interpretation of this retrogressive analytical approach assumes that environmental controls of CH 4 flux identified using data from 2008 to 2010 will be constant over time (i.e., in the 1970s) and among similar pond ecosystems.
Scaling of results to the landscape level
To understand current regional CH 4 fluxes for the Barrow Peninsula, Alaska, we upscaled peak growing season CH 4 flux of C. aquatilis and A. fulva from all sites using a high-resolution vegetation map. The vegetation map was developed employing a supervised classification (minimum-distance algorithm) of atmospherically corrected and orthorectified multispectral Worldview-2 satellite imagery (spatial resolution of 0.5 m) mosaic from peak growing season on two dates 2010-8-4 and 2012-8-13. Kite-based aerial photographs (Andresen et al., 2014) as well as plant species cover estimates collected in plots associated with long-term ecological studies in the area (e.g., Villarreal et al., 2012) were used as training sites for the classification algorithm. Both C. aquatilis and A. fulva are characterized by their ecotypic growth in pure stands and dominate aquatic pond habitats (McRoy & Leue, 1973; Shaver et al., 1979; Chapin & Chapin, 1981; Callaghan et al., 2011) and were regionally characterized as an 'Aquatic Graminoid' vegetation class within the supervised classification. We estimated fractional cover of C. aquatilis and A. fulva in the Aquatic Graminoid class by overlaying the classification map on high-resolution (1-3 cm) kite-based aerial imagery (Andresen et al., 2014) where tiller stands of each species are clearly discernible. The Aquatic Graminoid area surveyed (19 903 m 2 ) encompassed 62 ponds distributed across the Barrow region including both historic and synoptic sites and their surrounding ponds. The modeled average peak season CH 4 flux for each plant species was then multiplied by the peninsula cover fraction by aquatic C. aquatilis and A. fulva.
Results
Allometry and leaf area index
Second-order polynomial regressions best described the relationship between macrophyte biomass and morphological variables. The sum of leaf lengths of C. aquatilis explained 87% of the variation in total aboveground biomass, while for A. fulva, plant height explained 80% of variation in biomass (Fig. 2) . Similarly, we found LAI and aboveground biomass to have a strong positive relationship for both C. aquatilis (y = 0.1181x À 0.4335, R 2 = 0.93, P < 0.0001) and
Biomass estimates using allometry for both A. fulva and C. aquatilis were accurate in predicting aboveground biomass with a slight underestimation of denser biomass plots (Fig. 3 ).
Historic change
Average seasonal aboveground biomass was significantly higher (P < 0.05) in 2010-2013 compared to 1971-1972 for both A. fulva and C. aquatilis for most sites (Fig. 4) . In IBP Pond J, however, C. aquatilis 1970s peak growing season biomass approached that observed for the 2010s period (P = 0.116) (Fig. 4d) , largely due to higher C. aquatilis biomass in 1972.
Although there was some seasonal variability of biomass, no significant differences were found between consecutive years (e.g., 2010-2013; 1971-1972) (ANOVA, Tukey's HSD, P > 0.05). While only three IBP sites were sampled in 1970s, plant biomass in these historic IBP sites during the 2010-2013 sampling period appears to be representative of ponds in the region based on the synoptic site survey. We found no statistical differences (paired t-test, P > 0.05) of peak growing season aboveground biomass between IBP historic ponds and synoptic sites for both C. aquatilis and A. fulva. Synoptic sites biomass ranged 169 AE 51 g/m 2 for C. aquatilis and 123 AE 48 g/m 2 for A. fulva (mean AE SD).
Increases in mean peak growing season biomass were associated with longer growing seasons and greater active layer depth, but not directly related to temperature. TD was correlated with mean peak growing season biomass of C. aquatilis (r = 0.86, P = 0.02) and A. fulva (r = 0.83, P = 0.04). Also, average transect thaw depth had a significant relationship with C. aquatilis (r = 0.83, P = 0.05) and A. fulva (r = 0.87, P = 0.02) biomass (n = 6).
The differences in average cross-polygon thaw depth were significant and increased by 12 cm between 1971-1972 (31.5 AE 1.3 cm) and 2010-2013 (43.6 AE 1.4 cm) (paired t-test; P < 0.0001). For years 2010-2013, thaw depth did not differ in areas of the ponds dominated by C. aquatilis or A. fulva (P = 0.18). Therefore, we assumed that differences in thaw depth between 1970s and 2010s are representative for both plant species. Contrary to thaw depth, we observed no significant differences in water depth between 1971-1972 (9.4 AE 2 cm) and 2010-2013 (10 AE 1.7 cm, P = 0.62). TD was a strong predictor of peak growing season thaw depth (r = 0.86, P < 0.05).
Long-term climate records from the Wiley Post-Will Rogers weather station located at the Barrow airport 
Regional vegetation map
The Barrow Peninsula vegetation map (1778.6 km 2 ) described seven distinct vegetation communities associated with a moisture and microtopographic gradient (Fig. 5) . The map had a high classification accuracy of 77% (Kappa Coefficient = 0.7347) based on a set of 482 independent ground-truth plots distributed across the peninsula. For the purposes of this analysis, we focus solely on the Aquatic Graminoid class, which had a mapping accuracy of 76% with producer and user accuracy of 76% and 92%, respectively, from 59 groundtruth plots. From the 19 903 m 2 area surveyed of the Aquatic Graminoid classification, A. fulva covered 12 933 m 2 (65%) and C. aquatilis 6970 m 2 (35%). We extrapolated these percentages, and they correspond to a regional cover of 3.09% (61 km 2 ) for A. fulva and 1.66% (28.7 km 2 ) for aquatic C. aquatilis of the 4.75% (89.71 km 2 ) Aquatic Graminoid class area of the Barrow Peninsula. No other measured variable contributed significantly to flux from A. fulva. Conversely, CH 4 flux for C. aquatilis was best explained by both thaw depth and water depth (R 2 = 0.57, P = 0.0064) using a multivariate model [lnCH 4 = À3.226 + 0.112 (thaw depth) À 0.077 (water depth)] (Fig. 6 ). Based on estimates using these models, modeled peak growing season mean CH 4 flux differed substantially among species. The modern average CH 4 flux for A. fulva (13.10 AE 1.69 mg C-CH 4 m À2 h À1 ) was sixfold higher than that for C. aquatilis (2.31 AE 0.77 mg C-CH 4 m À2 h À1 ) based on plot data from both historic and synoptic sites. The comparison between the 1971-1972 and 2010-2013 periods based on historic site data shows that peak growing season CH 4 flux increased by 81% for A. fulva and by 240% for C. aquatilis over the forty-year period. These percentages correspond to differences in fluxes estimates from 7.9 AE 2.4 to 13.10 AE 1.69 mg Table 1 ). The estimated difference may in fact be conservative given that we are accounting only for changes in biomass, not area cover, and macrophyte area cover was likely lower 40 years ago than it is now (Fig. 8 ) (Lougheed et al., 2011; Villarreal et al., 2012; , which would have resulted in even less total CH 4 efflux in the 1970s; however, change in macrophyte cover has been difficult to quantify. 
Discussion
Capitalizing on the resampling of historic research sites from the International Biological Program, we estimate a~60% increase in aquatic plant-mediated CH 4 flux associated with increased thaw depth and aboveground biomass over the past 40 years on the Barrow Peninsula, Alaska. This focused change assessment allowed for a species-specific evaluation of the landscape-level CH 4 flux impact of the two primary aquatic emergent plant species: C. aquatilis and A. fulva, which dominate plant-mediated CH 4 emissions in this area. Although both these plant species cover only a small fraction (<5%) of the land surface, they account for twothirds of the total CH 4 flux for this region, computed from previous landscape-level flux estimates (Lara et al., 2015) . We focused this assessment on relatively underrepresented aquatic plant species, which constitute large conduits of CH 4 from the soil to the atmosphere, instead of broader vegetation community classes that have been explored elsewhere (Zona et al., 2009; Olivas et al., 2010; Lara et al., 2012 Lara et al., , 2015 . This study highlights how change trajectories in aquatic ecosystem structure and function are collectively impacting landscape-level CH 4 flux.
Biomass and thaw depth change
Several recent observational studies have recorded decadal timescale patterns of increasing arctic plant biomass (Hill & Henry, 2011; Elmendorf et al., 2012) , which has been supported by indirect estimates of vegetation change found from satellite platforms (Bhatt et al., 2010; Epstein et al., 2012; Walker et al., 2012a,b) and modeling (Epstein et al., 2000; Euskirchen et al., 2009) . However, none of these studies have focused exclusively on aquatic vegetation. While increasing temperatures have been identified as a driver of increasing plant biomass in sites varying from dry to wet tundra (Walker et al., 2006; Hill & Henry, 2011; Elmendorf et al., 2012) , we found no direct effect of average summer temperature on plant biomass in aquatic habitats. We attribute aquatic vegetation biomass change over the last 40 years to two primary factors: longer growing seasons and increased nutrients (Lougheed et al., 2011) released from thawing permafrost (Reyes & Lougheed, 2015) into aquatic ecosystems. Both longer growing seasons, represented as thaw days (TD), and thaw depth were highly correlated with peak growing season biomass of the two plant species. In the early 1970s, Miller et al. (1980) recorded the last ice in the IBP ponds between June 11 and 19. During the 2010-2013 period, ice-out occurred between June 7 and 11, with the latest ice-out (June 11) observed after a late-season storm in 2010. Earlier ice-out and more thaw days compared to 1970s is triggering the earlier start of the growing season and greater aboveground biomass production as seen in Fig. 4 . Nutrient addition has been identified as drivers of increased plant biomass in experimental studies in wet and moist tundra (Chapin et al., 1995; Shaver et al., 1998) . In tundra ponds, warmer water temperatures and permafrost thaw have been linked with elevated nutrient availability (Lougheed et al., 2011; Heikoop et al., 2015; Reyes & Lougheed, 2015) and algal biomass . We assert that thawing permafrost is also contributing to elevated plant biomass in aquatic habitats of the arctic tundra. In addition, recently suggested that a deepening active layer has important implications for infilling of ponds by vegetation, by increasing plant access to a newly exposed nutrient pool in thawing permafrost (Heikoop et al., 2015; Reyes & Lougheed, 2015) . Thus, warming of the climate in this region, and its effect on growing season length and nutrient release from permafrost have likely influenced changes in plant biomass in these tundra ponds. Thickening of the active layer or thaw depth has been previously observed across the Arctic, including the Barrow area (Streletskiy et al., 2008; Shiklomanov et al., 2010) . Previous studies have attributed this thickening to increased duration of the thawing period Euskirchen et al., 2006; Streletskiy et al., 2008; Shiklomanov et al., 2010) . We have similarly found that thawing period (TD) has a significant linear relationship with peak growing season thaw depth in tundra ponds. While other studies have attributed relatively high thaw depth in saturated soils and under shallow waters to high thermal conductivity Streletskiy et al., 2008) , our study is unique in focusing on the open-water and shallowwater margins of tundra ponds.
Methane flux
Our report of increased CH 4 fluxes parallels to results of Johansson et al. (2006) , which evaluated decadal timescale increase of CH 4 fluxes in subarctic peatlands as a result of permafrost thaw. Similarly, Lara et al. (2012) showed increased CH 4 fluxes over decade timescales in aquatic graminoid tundra in the Barrow area. By resampling historical plant biomass, water depth, thaw depth and other controls on CH 4 flux, and developing regression models specific to plant species, we constrain our flux estimates to environmental controls used for retrogressive change analysis, likely yielding higher accuracy relative to similar decade timescale analyses tied solely to plant community change (e.g., Lara et al., 2012) .
We suspect that our retrogressive methane flux analysis may have overestimated historic CH 4 efflux, given that we assume no changes in vegetation area cover over time, largely ignoring recent observed expansion of macrophytes into new areas of ponds . For example, Villarreal et al. (2012) reported an increase of 20-25% in relative cover of A. fulva in aquatic communities in the Barrow area between 1972 and 2010, which also potentially accounted for an increase of 50-65% in CH 4 flux . Consequently, our estimated change in CH 4 efflux over time is likely conservative.
Although our results are based on differences between the sampled time periods of 1970s and 2010s, they reflect the long-term trend found by others in the Barrow area Villarreal et al., 2012) . Lara et al. (2012) , for example, found an increase in modeled CH 4 flux over time in these aquatic plant communities associated with changes in vegetation composition using four different time periods (1972, 1990, 2008, 2010) . In addition, change estimates are based on averages of multiple years (e.g., 1971-1972, 2010-2013) minimizing interannual variability. Furthermore, the years sampled are relatively normal years for summer temperature .
The controlling factors identified for CH 4 fluxes differed between the two dominant species (i.e., A. fulva and C. aquatilis). CH 4 flux responded linearly to biomass increases of A. fulva, consistent with previous studies on other aquatic macrophytes (Joabsson et al., 1999; Joabsson & Christensen, 2001; Kim, 2015; Knoblauch et al., 2015) . Conversely, CH 4 fluxes for C. aquatilis were controlled by a combination of thaw depth and water depth, similar to von Fischer et al. (2010); Sturtevant & Oechel (2013); and Kim (2015) . Differences in the environmental controls of CH 4 fluxes among species are likely related to a combination of factors such as the growth form (Kutzbach et al., 2004; von Fischer et al., 2010) and the depth preference between C. aquatilis (4.5 cm) and A. fulva (16.2 cm) which may influence soil temperature (Morrissey et al., 1992; Sachs et al., 2010) , methanogenesis, and CH 4 transport (Joabsson & Christensen, 2001; Knoblauch et al., 2015) . We show that A. fulva may release as much as six times more methane per square meter than C. aquatilis, which may be attributed to (i) larger aerenchyma conduits and (ii) the presence of this species in relatively deeper water, resulting in the capability of A. fulva roots to extend into CH 4 -rich soils without competition for methanogenic substrates (von Fischer et al., 2010) , and allowing CH 4 to be ventilated straight from the soil of these aquatic systems and into the atmosphere (Joabsson & Christensen, 2001; Kutzbach et al., 2004) . While it is not surprising that CH 4 flux rates vary among species (Kao-Kniffin et al., 2010; Lara et al., 2012; Str€ om et al., 2012; Knoblauch et al., 2015) , this study reinforces the need for increased species-level assessments that evaluate interactions and responses to long-term environmental change, necessary to explain important vegetation change processes occurring at the community , landscape (Lin et al., 2012; Walker et al., 2012b) and pan-Arctic level (Bhatt et al., 2010; Epstein et al., 2012) .
Our flux measurements were carried out across a variety of polygonal ponds, at different plant densities, water depths, and thaw depths, providing a good representation of regional spatial variability within aquatic tundra. Our results may, however, underestimate regional fluxes given that we did not sample thermokarst ponds in areas of active peat slumping, which may have had even higher CH 4 flux (Negandhi et al., 2013) . We also did not account for CH 4 gas ebullition from biologic and geologic sources (e.g., Anthony et al., 2012) ; however, these have been shown to be insignificant compared to plant-mediated CH 4 flux in tundra ponds (Knoblauch et al., 2015) . Temporally, we consider that our single measurements during peak growing season are representative of overall peak growing season trends given the low diurnal variability of CH 4 flux previously observed in the study area using both closed plot chambers (von Fischer et al., 2010) , and eddy covariance (Zona et al., 2009) . Repeated plot CH 4 flux rates observations by von Fischer et al. (2010) revealed a coefficient of variation of 16% for peak growing season, which suggests a temporal stability of CH 4 flux.
The regional extrapolation of CH 4 flux estimates for A. fulva and C. aquatilis highlights the important role these dominant aquatic plant species have on influencing regional CH 4 fluxes in the Arctic Coastal Plain. Even though A. fulva and C. aquatilis cover less than 5% of the land area, estimates in this study indicate that they may contribute to approximately twothirds (66%) of the total peak growing season CH 4 flux of 1204 9 10 3 g C-CH 4 h À1 reported by Lara et al. (2015) for the Barrow Peninsula. However, we acknowledge that estimates reported by Lara et al. (2015) may have underestimated total regional CH 4 flux as a result of the lack of discrimination among aquatic plant species, especially the relative importance of A. fulva and C. aquatilis. Nonetheless, our regional estimates of CH 4 flux from aquatic plants confirm trends reported by Lara et al. (2015) , indicating the significance of aquatic geomorphic features (e.g., polygonal ponds) in regional CH 4 flux. Our results thus emphasize the importance of further evaluating dynamic species-level responses, feedbacks, and decade timescale change trajectories in rapidly changing arctic environments and their implications for the climate system. Among the various CH 4 pathways from soil to atmosphere (e.g., diffusion, ebullition), plant-mediated transport from wetlands may have the most substantial effect for the net land-atmosphere carbon exchange on the Arctic Coastal Plain. The regional methane contribution of both C. aquatilis and A. fulva reported in this study (825 9 10 3 g C-CH 4 h À1 ) for the Barrow Peninsula (1778.6 km 2 ) corresponds to an efflux to the atmosphere of 23 112 9 10 3 g C-CO 2 h À1 , assuming a CO 2 equivalence of 28-fold methane warming potential over a hundred-year period (IPCC, 2013) . This carbon flux negates approximately half of the total Net Ecosystem Exchange of À37 583 9 10 3 g C-CH 4 h À1 reported by Lara et al. (2015) for the Barrow Peninsula, Alaska. Consequently, observed changes in tundra ponds such as increased active layer depth and biomass of aquatic emergent macrophytes, as indicated in this study, represent spatially small yet important ecosystem processes that may increase uncertainty of the current carbon sink capacity of the arctic tundra. These results further highlight the sensitivity of this landscape to climate change and the potential feedbacks to regional and global scales with projected future increases in active layer thickness (Lawrence et al., 2015; Pastick et al., 2015; Liljedahl et al., 2016) , nutrient availability (Reyes & Lougheed, 2015) , and vegetation biomass (Euskirchen et al., 2009) for the terrestrial arctic. Based on first principles and plant community and species change trajectories over the past 40 years, it is likely that aquatic tundra will continue to be hot spots of change in structure and function as aquatic graminoids expand into warming and nutrient rich tundra ponds. This phenomenon will continue to increase the potential for CH 4 transfer from soils to the atmosphere, although the magnitude of projected climate change and feedback to warming will depend on the balance of carbon fixed by vegetation and lost by aerobic/anaerobic respiration in a region that is in continuous and active state of hydrological, geomorphological, and ecological change. Finally, this study underlines the importance of protecting historic research sites, which provide insights to the past allowing real change detection and development of rationalized extrapolations of change like that used here for CH 4 flux.
